Recently, a new direction in spintronics has been proposed based on nonrelativistic 1-5 and relativistic 6,7 spin-transport phenomena in which antiferromagnets (AFMs) complement or replace ferromagnets (FMs) in active parts of the device. In one type of these devices, including AFM magneto-resistors and memories, the manipulation of the AFM moments is facilitated via a FM which is sensitive to external magnetic fields [8] [9] [10] [11] . The inherent insensitivity of AFMs to magnetic fields might suggest that realizing a device with the inverse functionality, i.e. with the manipulation of FM moments via an AFM, represents merely an academic exercise of uncertain feasibility and utility. Here we demonstrate that an AFM can be employed for a highly efficient electrical manipulation of a FM. In our study we use an electrical detection technique of the ferromagnetic resonance (FMR) driven by an in-plane ac-current in a NiFe/IrMn bilayer.
Recently, a new direction in spintronics has been proposed based on nonrelativistic 1-5 and relativistic 6,7 spin-transport phenomena in which antiferromagnets (AFMs) complement or replace ferromagnets (FMs) in active parts of the device. In one type of these devices, including AFM magneto-resistors and memories, the manipulation of the AFM moments is facilitated via a FM which is sensitive to external magnetic fields [8] [9] [10] [11] . The inherent insensitivity of AFMs to magnetic fields might suggest that realizing a device with the inverse functionality, i.e. with the manipulation of FM moments via an AFM, represents merely an academic exercise of uncertain feasibility and utility. Here we demonstrate that an AFM can be employed for a highly efficient electrical manipulation of a FM. In our study we use an electrical detection technique of the ferromagnetic resonance (FMR) driven by an in-plane ac-current in a NiFe/IrMn bilayer.
At room temperature, we observe antidamping-like spin torque acting on the NiFe FM, generated by the in-plane current driven through the IrMn AFM.
A large enhancement of the torque, characterized by an effective spin-Hall angle exceeding most heavy transition metals, correlates with the presence of the exchange-bias field at the NiFe/IrMn interface. It highlights that, in addition to strong spin-orbit coupling, the AFM order in IrMn governs the observed phenomenon.
AFMs have for decades played a passive role in conventional spin-valve structures where they provide pinning of the reference FM layer 12 . This implies that on one hand, incorporation of some AFM materials, including IrMn, in common spintronic structures is well established. On the other hand, limiting their utility to a passive pinning role leaves a broad range of spintronic phenomena and functionalities based on AFMs virtually unexplored. Apart from the insensitivity to magnetic fields and the lack of stray fields, AFMs are common among metals, semiconductors, and insulators and can have orders of magnitude shorter spin-dynamics timescales, to name a few immediate merits of the foreseen concept of AFM spintronics.
Several recent studies of AFM spintronics have focused on transmission and detection of spin-currents in AFMs. In FM/AFM/normal-metal (NM) trilayers, a spin-current was pumped from the FM, detected by the inverse spin-Hall effect (ISHE) in the NM, and the observed robust spin-transport through the interfacial AFM (insulating NiO) was ascribed to 2 AFM moment fluctuations 13,14 . Efficient spin transmission through an AFM (IrMn) was also inferred from an inverse experiment in the FM/AFM/NM structure 15 in which spin-current was generated by the spin-Hall effect (SHE) in the NM and absorbed via the spin transfer torque (STT) 16 in the FM. Measurements in FM/AFM bilayers have demonstrated that a metallic AFM itself (e.g. IrMn) can act as an efficient ISHE detector of the spin-current injected from the FM, with comparable spin-Hall angles to heavy NMs 17,18 .
Our work makes the next step beyond previous studies of transmission and detection of spin-currents in AFMs by focusing on spin manipulation by AFMs. In a NiFe/Cu/IrMn structure we demonstrate that the IrMn AFM produces a large SHE spin-current which is transmitted through Cu and exerts an antidamping-like STT on the NiFe FM comparable in strength to the SHE-STT generated by Pt. Upon removing the interfacial Cu layer,
we observe that the size of the antidamping-like torque is strongly enhanced and that it correlates with the exchange-bias field associated with the fixed AFM moments at the coupled NiFe/IrMn interface. Our observations point to new physics and functionalities that
AFMs can bring to the currently highly active research area of relativistic spin-orbit torques induced by in-plane currents in inversion asymmetric magnetic structures 19-27 .
Multilayers SiO x /Ru(3)/IrMn(d A )/NiFe(4)/Al (2) and SiO x /Ru(3)/IrMn(4)/Cu(d N )/NiFe(4)/Al (2) used in our measurements were grown using dc magnetron sputtering. The numbers represent layer thicknesses in nm, IrMn thickness d A in the first type of multilayers varies from 0 -12 nm, and Cu thickness d N in the second type of multilayers is 1 or 2 nm. We apply microwave (MW) frequency electrical current to a bar patterned from the magnetic multilayer. Bars used in our measurements vary from 500 nm to 4 µm in width and 5 µm to 240 µm in length. Torques induced by the oscillating current in the bar drive magnetization precession of the NiFe around the equilibrium axis defined by an applied saturating magnetic field. A diagram of the measurement setup and the device is shown in Fig. 1(a) . The bar is aligned along the x-axis, while the z-axis represents the out-of-plane direction. Resonant precession is detected as a rectified dc voltage due to anisotropic magnetoresistance (AMR) 28 . In our studies we keep the frequency of the current constant and sweep the in-plane magnetic field ( Fig. 1(b) ).
From the decomposition of the resonance into symmetric and antisymmetric Lorentzians
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we deduce the out-of-plane and in-plane components of the driving field as
Here I is the current in the bar, ∆R is the AMR amplitude, A sym and A asy are coefficients determined by the magnetic anisotropies, and θ is the angle between the magnetization and current directions. Current-induced fields h x , h y and h z can be obtained from the measured angle-dependences of V sym and V asy . We calibrate the microwave current I in the bar from the resistance change induced by microwave heating (Supplementary Section S1). ∆R is obtained from the in-plane AMR measurement using a 1 T magnetic field, while the anisotropy coefficients A sym and A asy are extracted from the angle dependence of the resonance field (Supplementary Section S4).
In Fig. 2 (a) we compare resonance curves for samples without the Cu layer and with 0 and 2 nm thick IrMn. The resonance is predominantly antisymmetric without IrMn, indicating a driving field in the in-plane direction. The resonance then acquires a substantial symmetric component in the presence of the AFM, indicating an additional driving field in the out-ofplane direction. Both symmetric and antisymmetric components follow a sin 2θ cos θ angle dependence ( Fig. 2(b) ). This means that the in-plane effective field is along the y direction and is independent on the magnetization direction, resulting in an out-of-plane field-like torque, τ z ∝ m×ŷ. In contrast, h z depends on magnetization direction as cos θ ∝ [j×ẑ]×m, thus resulting in an antidamping-like in-plane torque τ ad ∝ m × ([j ×ẑ] × m).
We find that for all our samples the magnitude of h y is compatible with the magnitude of the Oersted field induced by the current in IrMn and Ru layers. The Oersted field is calculated using the individual layer resistivities extracted from resistance measurements of bars with different IrMn and Ru thicknesses, as described in Supplementary Sections S2 and S3 (ρ IrM n = 20.5 ± 3.3 × 10 −7 Ωm, ρ Ru = 4.0 ± 0.3 × 10 −7 Ωm, and ρ N iF e = 5.4 ± 0.4 × 10
Ωm). From the fits of the symmetric and antisymmetric components to Eqs. (1) and (2) shown in Fig. 2 (b) we deduce µ 0 h z = 1.13 ± 0.05 mT and µ 0 h y = 1.04 ± 0.03 mT, while for the Oersted field we find µ 0 h Oe = 1.09±0.07 mT. All values reported for the current-induced fields are normalised to a current density of 10 7 A/cm 2 in IrMn.
The symmetry of h z is compatible both with the antidamping-like term of the interface- 
Here d F = 4 nm is the thickness of the NiFe layer, µ 0 M s = 1 T is the saturation magnetization of NiFe, J IrM n = 10 7 A/cm 2 is the charge current density in IrMn and Fig. 3(a) .
Additionally, we performed measurements in samples with Ta seed layers instead of Ru, and found a large positive h z similar to the Ru samples (h z /h y ≈ 0.9). Ta has a large negative spin-Hall angle and one would expect a negative or a largely suppressed h z if the seed layer had a significant contribution (see Supplementary Section S6 for the details).
The increase of the antidamping-like torque in our NiFe/IrMn samples with increasing IrMn thickness cannot be explained by the increase in the spin-Hall current, as shown by the dotted line in Fig. 3(a) , because IrMn has a spin diffusion length smaller than 1 nm 31,32 .
It is clearly associated with the exchange-coupled NiFe/IrMn interface. The two leading anisotropies commonly used to characterise FM/AFM interfaces are the exchange bias field and the rotational anisotropy, the latter being the origin of the increased coercivity 33,34 . Rotational anisotropy can be modelled as an additional effective field along the magnetization direction, and thus results in an overall decrease of the resonance field in FMR measurements. This decrease is seen in Fig. 2 To confirm the correlation between the antidamping-like torque and exchange bias in 6 one sample, we performed temperature dependence measurements of the h z /h y ratio for the sample with 2 nm IrMn. (Following the low-temperature results we consider h y being dominated by the Oersted field for the whole temperature range.) The results are shown in Fig. 4 (a) . We explain the monotonous decrease in the h z /h y ratio down to 50 K with the current redistribution in the bar. IrMn is an alloy, and thus its resistivity decreases less with temperature compared to Ru, resulting in a smaller proportion of current flowing through IrMn, thus a lower value of h z for the same total current in the Ru/IrMn stack.
This trend is broken below 50 K, coinciding with the abrupt increase in the exchange bias and decrease in the coercivity (Fig. 4 (b) ). In the inset of Fig. 4 (a) we plot the change of resistance and AMR with temperature, showing their monotonous behaviour for the whole temperature range. This result is significant because it shows dependence of current-induced torques on AFM-induced anisotropies in a single device. We also found that cooling down the sample with an applied large field in different directions results in different directions of the exchange bias, however, this does not change magnitudes and symmetries of the current-induced fields.
The origin of relativistic spin torques induced by an in-plane current at FM/NM interfaces is a subject of current intense theory discussions. Our results clearly indicate that replacing the NM with an AFM adds to the richness of these phenomena which inevitably brings more complexity to their theoretical description. To stimulate future detailed microscopic analyses we outline here possible mechanisms that might be considered as the origin of the enhancement of the antidamping-like torque and its correlation with the exchange bias. Firstly, the exchange coupling could increase the transparency at the FM/AFM interface resulting in a more efficient spin-transfer. If this was the only effect, the spin-Hall angle of IrMn had to be 0.22 ± 0.01 to explain the value of h z for the 8 nm IrMn sample.
This value is, however, well beyond theory expectations for IrMn and larger than spin-Hall angles in most heavy NM. Additionally, within this scenario, we would expect the torque to depend on the direction of the exchange bias field with respect to the applied saturation magnetic field (better transparency when the FM magnetisation is aligned with the AFM Néel vector of the fixed moments), which we do not observe. The second possibility, which we consider more plausible based on our data, is that there are additional torques induced directly at the FM/AFM interface, or induced in the AFM and coupled to the FM via the exchange interaction. Wei et al. 37 and Urazhdin et al. 38 observed changes in exchange bias in current perpendicular-to-plane geometries, attributed to torques changing the AF magnetic structure at the FM/AFM interface. We use 2 -3 orders of magnitude lower in-plane currents, avoiding heating effects and employing a different current path geometry. Due to these differences we can not directly compare the results.
In conclusion, we have shown that electrical current in the IrMn AFM induces a large torque acting on the adjacent NiFe FM. The torque is in-plane and has an antidamping-like symmetry. We have also shown that there are at least two distinct contributions, one coming interface could lead to novel designs of spintronic devices.
Methods and Materials
Materials: The structures were grown using DC magnetron sputtering on a thermally oxidized Si (100) substrate. In-plane magnetic field of 200 Oe was applied during growth. Experimental procedure:
For more details on the methods related to our SO-FMR experiments see Refs. 22,27 and the Supplementary Information therein.
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Additional information
Correspondence and requests for materials should be addressed to AJF (ajf1006@cam.ac.uk). Resistances of measured bars vary between a few 100 Ω and a few kΩ, thus most of the microwave (MW) power is reflected due to the impedance mismatch between the bar and the MW source (Z out = 50 Ω). To calibrate MW current we make use of the Joule heating.
The amount of heating is measured using the change of resistance. First DC current is swept from large negative to large positive values and the differential resistance is measured, 1 giving us the resistance change due to DC heating. Then we measure resistance change with increasing microwave power. These measurements for a 500 nm wide and 5 µm long bar of Ru(3)/IrMn(2)/Py(4)/Al(2) are plotted in Fig. S1(a) . For DC the value of current is known because it is all dissipated in the bar, there are no reflections. We are able to find the current for each applied MW power by comparing the MW and DC heatings. In Fig. S1(b) we plot values of DC current causing the same amount of heating as MW powers on the x axis. The corresponding MW current is √ 2 times the DC current, because the heating for AC current is given by I 2 R/2 compared to I 2 R for DC (this is already taken into account in the plot). As expected, MW current is linear with the square root of power (in W). From the linear fit we can extract the value of MW current per square root of power.
S2. LAYER RESISTIVITIES
To know the current distribution in our multilayer stack, which is important for calculations of spin hall angles as well as estimations of the Oersted fields, we deduce resistivities of individual metallic layers. One can not take bulk resistivities because these values change dramatically for thin layers. In addition, there is always an additional contact resistance which has to be taken into account. These values can be determined by a careful analysis of bars with different dimensions and layer thicknesses. In Fig. S2(a) we plot resistances of 4 µm wide bars of 40, 80 and 120 µm lengths. The intersection of the linear fit with y axis is the average contact resistance, R cont = 235 ± 75 Ω.
Using the value of contact resistance we can calculate resistivities of individual layers. In Fig. S2(b) we plot resistances of bars with the same dimensional ratio vs the IrMn thickness t in Ru(3)/IrMn(t)/NiFe(4) structures. The average contact resistance has already been subtracted. Thicknesses are given in nm. We neglect the 2 nm Al capping layer as it is the same for all the samples and is believed to be mainly oxidized. It is surprising that the resistance of the sample with 0 nm IrMn is smaller than that of the sample with 2 nm
IrMn. We believe this is due to the higher resistivity of NiFe grown on IrMn compared to that of NiFe grown on Ru. It is know that NiFe can have different resistivities depending on the seed layer [1] [2] [3] . The samples with 3 -8 nm IrMn fit well to a simple model of parallel resistors, given by
Here d is the length/width ratio of the bars (60 for this set of samples), r is the resistance of the multilayer without IrMn, t is the thickness of IrMn and ρ IrM n is its resistivity. The fit in Fig. S2(b) results in ρ IrM n = 20.5 ± 3.5 × 10 −7 Ω · m.
As already mentioned, resistivity of NiFe is larger if grown on IrMn. This is more prominent for the thinnest (2 nm) IrMn sample. We believe this is due to the worse quality of the 2 nm IrMn interface, as this layer is the thinnest. To calculate different resistivities of NiFe we must know the resistivity of Ru. To estimate the later we use resistances of Ru (3) We deduce the exact relationship using the parallel resistors model. We believe that the agreement of AMR magnitudes, in combination with the relatively good fit of IrMn thickness dependence of sample resistances, implies that our parallel resistors approach is valid and estimates of layer resistivities are correct. As yet another additional supporting argument for our calculation, the bulk resistivity ratio is approximately 18(IrMn):1(Ru):2(NiFe).(1260 × 10
The ratios of resistivities deduced above are 5.1 : 1 : 1.2-1.8. The order is the same, but differences in resistivities are more moderate for thin films because scattering off interfaces is substantial, and thus resistivity must be less material-dependent.
The resistivity of Cu is deduced from the Ru ( (Fig. S4) . From Ampere's law we have
Where I is the current encircled by the integration loop. For our geometry sketched in Fig.   S4 (a) we can write Here I Oe is the current in the Ru, IrMn and Cu layers. We used the fact that the thickness t of the bar (∼ 10 nm) is very small compared to its width w (500 nm -4 µm) for all measured devices. This means that the Oersted field depends only on the size of the current in Ru,
IrMn and Cu layers, and not on layer thicknesses, similar to the case of an infinite plane. 
S4. MAGNETIC ANISOTROPIES:
where (θ H , φ H ) and (θ, φ) are in and out-of-plane angles of applied field H and magnetization M in spherical coordinates, with φ = 90
• being in the plane of the sample. K S and K U are surface and in-plane uniaxial anisotropy constants, t F M is the thickness of the ferromagnetic layer, H ex is the exchange bias field, θ uni and θ exch are directions of the uniaxial anisotropy and the exchange bias respectively. The resonance condition reads
where ω is the resonance frequency and γ is the gyromagnetic ratio. 
(S.11)
Here we have relabelled variables in the following way
We used these equations to fit the θ dependence of the resonance field and extract anisotropies of each sample. In this model M ef f and H rot are correlated, thus we need to know one of these using a different method. This correlation is easier to see if we rewrite equation S.10 making an approximation H res + H 1 ≈ M ef f . This is valid because the rest of the terms in H 1 are much smaller than M ef f . We write S.10 as
For the given frequency larger M ef f leads to a smaller H rot and vice versa, so we extract M ef f from the frequency dependence of the resonance field and use it to fit out H rot (the fitting is done using the full model and not the approximation).
A sym and A asy entering the expressions for the rectified dc voltage are given by 
S5. SPIN-HALL ANGLE OF RU
The spin hall angle of Ru is calculated using the h z /h y ratio measured experimentally in a bar patterned from the Ru(3)Py(4) bilayer 12 , assuming that h y is predominantly due to the Oersted field. We use sample develops an exchange bias of 8 ± 1 mT at 5 K. In Fig. S6(a) we plot resonances measured for the 2 nm IrMn sample at room temperature and for the 3 nm IrMn sample at 5 K. Firstly, in both cases the symmetric component is positive. Ta has a large negative spin-Hall angle and if the effect was dominated by the spin-current from Ta one would expect h z and thus the symmetric component to be negative for a positive antisymmetric component. The fact that h z is positive means that any effects due to the spin-Hall effect in Ta are small compared to the IrMn-induced effects. Additionally, one can see that at low temperature the symmetric component becomes even larger. This can also be clearly seen in the angle dependences of V sym and V asy plotted in Fig. S6(b) . This result further supports the argument that the increase of the anti-damping torque with the exchange bias observed in our experiments is not related to the efficiency of the transfer of the spin-angular momentum generated in the seed layer, as this would lead to a decrease of h z for a seed layer with a negative spin-Hall angle like Ta. We believe that in our experiments the spin angular momentum generated in the seed layer is fully absorbed by the first few atomic layers of IrMn due to its small spin diffusion length, and the observed anti-damping torque is induced 9
